We demonstrate that unidirectionally aligned, free-standing multi-walled carbon nanotubes (CNTs) exhibit highly anisotropic linear and nonlinear terahertz (THz) responses. For the polarization parallel to the CNT axis, strong THz pulses induce nonlinear absorption in the quasi-one-dimensional conducting media, while no nonlinear effect is observed in the perpendicular polarization configuration. Time-resolved measurements of transmitted THz pulses and a theoretical analysis of the data reveal that intense THz fields enhance permittivity in carbon nanotubes by generating charge carriers. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4954222] Electron dynamics in carbon nanotubes (CNTs) typically fall in the terahertz (THz) frequency region.
Electron dynamics in carbon nanotubes (CNTs) typically fall in the terahertz (THz) frequency region.
1- 4 The high responsivity of CNTs to THz electromagnetic waves creates great potential for a wide range of applications, including ultrafast nanoelectronics, [5] [6] [7] THz sources 8, 9 and detectors, [10] [11] [12] and THz optical elements. 13, 14 CNT based THz polarizers, in particular, exploit the highly anisotropic THz response of quasi-one-dimensional CNTs. [15] [16] [17] These applications are based on the linear THz response of CNTs involving low-field electron dynamics. High-field electron dynamics become important when CNT devices shrink to nanometer dimensions, where operating frequencies are in the THz range and internal electric fields exceed 100 kV/m. It is, however, rarely studied how electrons in CNTs behave in the presence of strong THz fields. The only experimental study reported so far is that strong THz fields generate excitons in semiconductor single-walled CNTs (SWNTs). 18 In this paper, we present an experimental study to investigate the high-field THz response of free-standing multi-walled CNTs (MWNTs). We demonstrate that unidirectionally aligned free-standing MWNTs form a quasi-onedimensional metallic structure and exhibit highly anisotropic linear and nonlinear THz responses. In particular, strong THz pulses induce nonlinear absorption in MWNTs. This is unusual because strong THz pulses generally induce transparency in a conducting medium. 19, 20 The THz induced absorption indicates that intense THz fields enhance the permittivity of the MWNTs.
We performed a nonlinear THz transmission spectroscopy of free-standing MWNTs. A forest of MWNTs (diameter, 10 nm; averaging 9 walls per tube) was synthesized by catalytic chemical vapor deposition and CNT sheets were drawn from the forest. 21, 22 We fabricated the samples by depositing the CNT sheets multiple times on a U-shaped polyethylene (PE) reel (thickness, 125 lm). 16 An SEM image of the sample is shown in Fig. 1(a) . Areal density of the CNT sheets (thickness, 50 nm) is proportional to the deposition number N w on the PE reel. We tested four free-standing MWNT samples of N w ¼ 2, 5, 10, and 20.
We generate strong THz pulses (central frequency, 0.9 THz; bandwidth, 1 THz; THz field amplitude, 1 MV/cm) via optical rectification of femtosecond laser pulses (pulse energy, 1 mJ; pulse duration, 100 fs; repetition rate, 1 kHz) with titled pulse front for phase matching between optical and THz pulses in LiNbO 3 . 19, 20, 23 THz pulses are focused onto a sample with parabolic mirrors (beam diameter, 370 lm at focus). We detect THz pulses using a liquid-He cooled Si:Bolometer and electro-optic (EO) sampling with a 1-mm ZnTe crystal.
THz response of CNT is highly anisotropic due to the quasi-1D structure; THz polarization parallel to the CNT axis elicits a significantly stronger response compared to the perpendicular case.
We first present THz transmission for the THz polarization perpendicular to the CNT axis measured by the Si:Bolometer ( For a better understanding of the THz induced nonlinear effects, we carry out THz time-domain spectroscopy of the MWNT samples for the parallel polarization configuration. Figure 3 shows the waveforms and amplitude spectra of THz pulses transmitted through the samples at three different THz peak field strengths, E THz ¼ 0.2, 0.5, and 1.2 MV/cm. Transmitted THz waveforms exhibit not only amplitude reduction but also a phase shift as the deposition number and the THz field strength increase (Figs. 3(a)-3(c) ). The amplitude spectra in Figs. 3(d)-3(f) show that the THz transmission gradually decreases as the frequency increases.
We obtain the complex refractive index of the MWNT samples analyzing the amplitude and phase spectra of the transmitted THz pulses. The Fresnel transmission coefficient of a layer of thickness d is expressed as a function of frequency,
whereñðxÞ ¼ n R ðxÞ þ in I ðxÞ is the frequency-dependent complex refractive index of MWNTs. We extract n R ðxÞ and n I ðxÞ using an optimization protocol. 24 For the complex transmission coefficient written as tðxÞ ¼ q expðÀiUÞ, we define the deviation of the theory from the experiment as an elliptic paraboloid, 
where dq ¼ lnðq theory Þ À lnðq exp Þ
and dU ¼ arctanðU theory Þ À arctanðU exp Þ:
Using Taylor approximation and Hessian matrix, we solve the elliptic paraboloid equation Dðn R ; n I Þ ¼ 0 and determine the complex relative permittivity, e r ðxÞ ¼ñðxÞ 2 . Figure 4 shows the spectra of the real and imaginary parts of the relative permittivity of N w ¼ 2, 5, and 10 samples for three THz peak field strengths, E THz % 0:2 (blue), 0.5 (green), and 1.2 (red) MV/cm. We fit the results to the permittivity of a conducting medium based on Drude model
where e b is the contribution from bound electrons, s is the scattering time (s ( x À1 ), and r 0 is the DC conductivity of MWNTs. The fitting parameters are the real part of the relative permittivity Re fe r g, the imaginary part of the bound electron contribution, Im fe b g, and the DC conductivity r 0 . The fitting curves (solid gray lines in Fig. 4 ) agree well with the experimental results. The real part of permittivity is spectrally flat and negative, while the imaginary part shows a pattern inversely proportional to x, corresponding to freecarrier contribution. The large background of the imaginary permittivity suggests that the response of electrons in a shallow trap states is substantial. The permittivities of the MWNT samples are enhanced to a large extent by the strong THz pulses, showing that the intense fields activate strongly nonlinear electron dynamics. Figure 5 shows the fitting parameters as a function of THz field strength. The fitting results indicate that the field enhancement of permittivity involves intricate processes. The field induced changes in the parameters depend on the CNT density. This means that the high-field electron dynamics is affected by inter-tube Coulomb interactions, especially in the high density CNT samples of N w ¼ 5 and 10. The magnitudes of Re fe r g and Im fe b g show the general tendency, increasing as the field strength goes up (Figs. 5(a) and 5(b) ). The field dependent conductivity shown in Fig. 5 (c) exhibits different features for the different samples. A field induced change in conductivity is caused by two competing processes. In general, intense THz fields reduce conductivity of metallic media by increasing electron temperature and consequently lowering the scattering time. 19, 20 On the other hand, conductivity goes up if intense THz fields increase carrier density by generating carriers (probable mechanisms are carrier multiplication by impact ionization [25] [26] [27] and fieldinduced interband tunneling 4, 18, 23 ). The conductivity of the low density CNT sample (N w ¼ 2) increases as the field strength increases, where the effect of the carrier generation dominates that of the scattering time reduction. In the high density CNT samples of N w ¼ 5 and 10, the reduction of the conductivity at the high field strength suggests that the scattering rate becomes much higher than the carrier generation rate. In conclusion, strong THz pulses give rise to highly anisotropic linear and nonlinear responses in free-standing MWNTs. In particular, intense THz fields induce large nonlinear absorption for the polarization parallel to the CNT axis, while no nonlinear response is observed in the perpendicular case. A theoretical analysis based on the Drude model suggests that strong THz fields enhance the permittivity of the MWNTs, inducing strong nonlinear electron dynamics. 
